Abstruct-Recent advances in power electronics have meant that many loads now draw a distorted current from the power supply. For the same real power consumed, the apparent power for the distorted load is greater than the equivalent sinusoidal load. A real-time active filter optimization algorithm has been implemented in a TMS32OC30 DSP, with the aim of maximizing the monetary savings from active filtering by reducing the apparent power consumed at the point of supply. As the basis for this optimization a savings function which takes into account active filter efficiency, the cost of energy, and the supply and load current distortion before and after filtering, has been derived. A simplex optimization technique, which is able to find the optimum operating point even under varying load conditions, is used to maximize these energy savings.
I. INTRODUCTION
VER recent years there has been a proliferation of 0 products containing some form of power electronic control [l] . These power electronic devices tend to make more efficient use of the available energy by converting it into a directly usable form. However, to minimize the capital cost of the conversion equipment, the designers often allow the power drawn from the mains supply to contain harmonic currents. These harmonic currents cause an increase in the level of rms supply current, which results in an increase in apparent power consumed at the point of supply. Nonsinusoidal supply currents can also cause overheating in supply transformers, communication interference, and excessive neutral currents [2] . It is now possible to efficiently use active filters to remove these harmonic components and overcome many of the disadvantages of passive filters [3] , [4] .
Extensive research has been carried out by many researchers on different converter configurations, switching control (modulation) techniques, and signal processing for active filter systems [5]- [8] . This paper however is concerned with maximizing the monetary savings gained from active filtering. This is achieved by reducing the apparent power consumed at the point of supply and considering the cost of the additional real power required to overcome the active filter losses.
The single phase active filter chosen for this purpose has been described elsewhere [9] , [lo] . A block representation of the active filter and signal processing unit (SPU) is detailed in Fig. 1 . A synthetic fundamental sinusoid with adjustable phase delay is derived in the SPU from the nonlinear load current 1~. The synthetic sinusoid is subtracted from the distorted load current signal to produce a compensating current Manuscript received July 23, 1993 signal. This compensating current signal contains the distortion components required to compensate for the supply current distortion caused by the load. The compensating current signal is then amplified by a controlled current, voltage source power amplifier, using a simple time delay switching strategy, to produce the required compensating current IC. With the compensating current being reinjected into the power system the supply current IS becomes nearly sinusoidal. The main feature of this active filtering system is that the signal processing operates in the time domain and is not slowed by the need for complex signal processing to extract the harmonic frequency components.
This paper briefly discusses a digital implementation of the active filter control system, which is then used to implement a real-time optimization algorithm. The basis for this optimization is the development of a savings function which takes into account the efficiency of the active filter, the cost of energy, and the supply current distortion before and after filtering. The ultimate goal is to maximize the monetary savings and operating efficiency while minimizing supply current distortion.
COST OF ENERGY
Ideally, equipment connected to the power system should only consume real power. This however is not the case, some items of equipment draw a current component which is not converted into real power. These currents are defined in this paper as distortion currents and they can contain both harmonic and phase displaced components. The harmonic and displacement components can be defined by distortion (,U) and displacement (cos 6 ) factors, respectively [2] . In the special case where the supply voltage is sinusoidal, the total power factor ( p f ) at the point of supply is the combination of 
The charge for electrical energy consumed generally depends on the type of consumer. For domestic and small businesses, the charge is usually based only on the real power ( P ) consumed per hour (kWh). Industrialkommercial consumers' charges are however based on both the real power and the peak demand apparent power consumed. For a constant load this peak demand apparent power (S) can be converted into an hourly rate (kVAh). An energy cost ratio, R,, can be defined as the ratio of charge for real power ( c p ) to apparent power (CS) at some common time rate [(3)] .
This energy cost ratio effects the total cost of energy to the consumer and can have a profound influence over the level of savings achievable by active filtering. Typically in New Zealand, real power is worth approximately five times that of apparent power, an R, of five. By decreasing the energy cost ratio, an additional cost can be added to penalize the consumer for distortion power consumed. Since the distortion components of a particular consumers' load will usually vary with time, an active filter therefore requires some form of intelligent controller to optimize the possible savings from active filtering, while taking into account the supply current distortion and the energy cost ratio.
IMPLEMENTATION OF A DIGITAL CONTROLLER
The intelligent digital controller for the active filter is based on the TMS320C30 Digital Signal Processor (DSP) [12] . The controller's primary task is to measure the distorted load current, subtract a fundamental sinusoid, and output the resulting compensating current signal to the switching control circuit in real time. Interconnection of the TMS320C30 to the external interfaces of the active filter is shown in Fig. 2 . 14 bit ADC's and DAC's give the system a large dynamic range. The sample rate for the load current ADC system was determined so that the delay between the input sample and the output of the computed result is less than one degree of phase delay at the fundamental frequency. For a supply frequency of 50 Hz this results in a sample rate greater than 18 kHz. A variable sample rate of about 25.6 kHz is used so that exactly 512 samples are recorded during each fundamental period.
Supply current, supply voltage and power amplifier dc bus voltage ADC's ( Fig. 2 ) and the time delay switching frequency control output are all sampled at the lower rate of 6.4 kHz, which corresponds to 128 samples per fundamental period. The average switching frequency of the active filter can be adjusted in the range from 2 kHz to 80 kHz and the dc bus voltage proportional-integral controller adjusts the magnitude of the synthetic sinusoid to control the real power flow into the active filter to overcome losses. A sample rate of 6.4 kHz is sufficient for the 128-point FFT to calculate up to the 50th harmonic component, while allowing the TMS32OC30 more time for the calculation of other control functions. Three 128-point FFTs provide information so the operating efficiency of the active filter, power factor, and the THD level of the supply and load currents can be calculated.
IV. FILTER PERFORMANCE
When the load current contains both harmonic and displacement distortion components the active filter can provide total power factor correction. This is demonstrated in Fig. 3 for a resistor and inductor combination in parallel with a single phase bridge rectifier with capacitive and resistive load. The phase displacement of the resistor and inductor combination is 80" and the total load has a displacement of 56" with a load current THD of 40.3%, which results in a total power factor of 0.630 [using (l)]. When the active filter is operated the supply current THD is reduced to 9.1%, with a displacement of O", and a resultant power factor of 0.991. The supply current now 
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The operational performance of the active filter is determined by the efficiency with which it is able to reduce supply current distortion. Fig. 4 shows the efficiency of the active filter and the supply current THD for various values of dc bus voltage and average switching frequency. These results were obtained while the active filter was compensating for only the harmonic distortion component of load current (THD = 78%) drawn by a single phase bridge rectifier with capacitive and resistive load. At high levels of dc bus voltage and average switching frequency the supply current THD is reduced the most, however at this point efficiency is at its lowest (87.9%). It should be possible to optimize the operating conditions of dc bus voltage and average switching frequency with the aim of minimizing the supply current THD while maximizing efficiency. One approach is to derive a savings function which financial cost of the total electricity consumption of the load plus active filter. 
Operating Characteristic o f t h e
V. SAVINGS FUNCTION
A savings function can be defined as the difference between the cost for the energy consumed before and after the process of active filtering. An optimization system could then use this savings function to determine the most economic operating point. To determine the cost before and after active filtering, real and apparent power flow definitions (Fig. 5 ) The savings (SAV) made from active filtering can now be described by (7).
By expressing these savings as a percentage of the cost of operating the load [(S)], it is possible to remove the dependency on the real power consumed by the load (PL) and the charge for that power ( c p ) .
SAV (%)
Utilizing (1) and (2), the percentage savings can now be expressed in terms of supply current THD and fundamental phase displacement as given by (9).
SAV(%)
x loo(%)
Using the efficiency and THD information from Fig. 4 and a cost ratio of five, the savings gained from active filtering for the single phase bridge rectifier load are given in Fig. 6 . The maximum savings point in Fig. 6 has a value of 0.2% at a dc bus voltage of 189 V and an average switching frequency of 5 kHz. At this maximum point the supply current THD is 41.2%, compared to the load current THD of 78.0%, and the active filtering system has an operating efficiency of 97.3%. Thus, by simply maximizing savings a high operating efficiency has been achieved but the reduction in supply current THD has not been very substantial. It may be desirable to operate the active filtering system so as to achieve some minimum required level of supply current THD. The IEEE-5 19 harmonic standard for example specifies the required current THD at the point of common coupling [13]. Therefore a required level of supply current THD should be incorporated into the calculation of the savings surface. This can be achieved by adding a penalty to the savings function (sAv-(%)) to ensure that the supply current THD is lower than some set maximum ( D~~A x ) and can be described by the following expression:
SAV (%) + ~D T H F ( D T H )
where CT < 0
The penalty term, which only operates when the supply current THD ( D T H ) is greater than DMAX, is proportional to the amount of supply current THD present. The scaling term (CT) is negative so that the penalty function reduces the savings and forces the maximum savings point to a region where the supply current THD is less than that specified by DMAX.
The effect of such a penalty function is shown in Fig. 7 . The savings curve (dotted lines) is for the same single phase bridge rectifier load described previously and an energy cost ratio of one. The maximum savings operating point without any penalty imposed is at 207 V and 5 kHz. At this point the efficiency of the active filtering system is 96% and the supply current THD is reduced from 78.0% to 23.4% (Fig. 4) .
However if DMAX is now set to 10% and a penalty is added using a scaling term o of -0.5, a penalty surface (solid lines) is produced, also shown in Fig. 7 . The shaded region in Fig. 7 is where no penalty is added to the savings surface because the supply current THD is less than DMAX and therefore the savings and penalty surfaces are identical. The maximum savings point for the supply current THD to be less than 10% occurs at a bus voltage of 231 V and switching frequency of 18 kHz. At this point the active filtering system operates with an efficiency of 92.8% and the supply current THD is reduced from 78.0% to 9.8%. 
VI. MAXIMIZATION OF SAVINGS
A savings function, which calculates the possible savings available to the consumer by active filtering, has been derived. The active filter's operating conditions can be altered to achieve a maximum savings point. An automatic search procedure, which is independent of the type of load and DMAX level, is necessary to find this maximum savings point. Since more than one operating condition can be altered to move about on the savings surface, a multidimensional optimization algorithm is required. Unlike the more traditional optimization problems in which the shape of the surface is known, the savings surface is unknown prior to active filtering. The surface is only measured when the optimization algorithm steps towards the maximum savings point and due to time varying loads this measured data is continually changing. Any optimization algorithm must therefore continue to explore the area surrounding the maximum savings point in order to find new maxima over time.
A direct method, which starts at an arbitrary point and proceeds in a stepwise fashion towards the maxima or minima by successive improvements, is an appropriate optimization procedure. Many different types of direct methods are available, however these all fall into two categories. Firstly, methods using the first derivative information such as the conjugate gradient and variable metric methods [ 141. Secondly, methods that do not need to compute the first derivative, such as the direction-set and the simplex method [14] . Since the savings surface is unknown the use of first derivative methods require the operating point of the active filter to be altered for each measurement. The simplex method on the other hand moves towards the maxima in a more straightforward fashion that makes no assumptions about the surface [14] . Although the simplex method tends to be slow it was used to find the optimum operating point because it can be very robust. The simplex method is based on using the geometric figure called a simplex, consisting of N + 1 vertices (for N dimensions).
In two dimensions the simplex is a triangle and in three dimensions it is a tetrahedron.
The simplex method is started with a single starting point and the vertices of the initial simplex are calculated using this point and orthogonal unit vectors. The simplex method can take a series of four different steps towards the optima. These steps .are graphically depicted in Fig. 8 for a threedimensional ( N = 3) case [14] . Initially the measured data from the four starting points is sorted and the highest and lowest points are determined. The first step is taken by moving the lowest point through the opposite face of the simplex [see Fig. 8(a) ]. This step is called a reflection. If this new point has a higher value then the reflection length is expanded [ Fig. 8(b) ]. If the new point is higher again then this point is accepted otherwise the previous point is used. The old low point is now disregarded. However if the first reflected point is worse than the second lowest point then the simplex will contract along one dimension [ Fig. 8(c) ]. If this contraction does not yield an improvement the simplex contracts itself in all directions, pulling itself in around its highest point [ Fig. 8(d) ]. The simplex algorithm terminates when the step towards the maxima is smaller than a preset tolerance value.
The simplex algorithm is however dependent on history terms (measured vertices) to calculate the next step towards the point of maximum savings. These history terms can cause a problem when the savings surface changes due to a new load condition, cost ratio or maximum supply current THD. If the savings surface rises due to such a change, the simplex algorithm will continue to try and find a new maximum and thus track the new surface. However in the case where the new savings surface is lower, the simplex algorithm will not find the new maximum because the history terms have not changed and they contain the old high values. To enable the simplex algorithm to follow these changes in the savings surface, the load current rms and THD values are measured. When a variation (presently 10%) is detected in either term the simplex algorithm remeasures the history terms and starts the optimization search again. The operation of the simplex algorithm due to a load change is illustrated in Fig. 9 . Initially the load consists of the single phase bridge rectifier with a capacitive and resistive load drawing 7.2 ARMS. This results in the savings surface shown in Fig. 9(a) . The simplex algorithm measures the three starting points 1, 2, and 3. Based on these three points the simplex Fig. 9(b) and the history terms now have to be remeasured. The three history terms are the three previous highest savings values which were 1, 2, and 4 on Fig. 9(a) . The dc bus voltage and switching frequency values of points 1, 2, and 4 correspond to points 6, 7, and 8 on the new savings surface on Fig. 9(b) . The simplex algorithm now continues searching until it discovers that the new maximum savings occurs at point 11.
VII. THREE VARIABLE OPTIMIZATION
The active filtering system has the ability to manipulate the power amplifier dc bus voltage, average switching frequency, and fundamental power factor to achieve the greatest savings for any particular load. The simplex optimization algorithm is well suited to multidimensional problems [14] . It is difficult to graphically represent a four-dimensional savings surface to show the operation of the optimization algorithm as it steps towards the maximum savings point. The track to the optima is shown in Fig. 10 by displaying the three variables and the tracking sequence between them. Fig. 10 shows the track leading to the maximum savings point for the load as described in the section on filter performance (Fig. 4) and with the additional penalty that the supply current THD must be less than 10%. The starting point is at a dc bus voltage of 242 V, an average switching frequency of 16 kHz, and fundamental phase displacement of 49". Three other points are measured and the simplex algorithm then tracks to a maximum savings point of -21.6% at 212 V, 12 kHz, and 44.5'. Introducing a required level of supply current THD to be achieved (10% in this case), has resulted in the maximum savings being negative. Thus, it has actually cost money, there are no savings, to reduce the supply current THD from 40.3% to 9.9%.
VIII. CONCLUSIONS
A relationship for determining the energy savings made from active filtering has been derived. By expressing this savings function as a percentage of the cost of operating the load, it is possible to eliminate the dependency on the real power consumed by the load and the charge for that power. The percentage savings then depends on the energy cost ratio (ratio of charges for real power to apparent power), the phase displacement and THD of the load and supply currents and the efficiency of the active filter system.
Optimization of the energy savings has been implemented with a TMS32OC30 DSP intelligent controller using the simplex optimization technique. This simplex method is able to find the optimum operating point, which maximizes savings within a given set of constraints, even under varying load conditions.
